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Abstract—A universal controller is proposed in this article to
operate parallel inverters in both grid-connected (GC) state and
standalone (SA) state and ensure seamless transfer between them
without reconfiguring the control structure. The universal con-
troller is mainly composed of frequency-locked-loop and three cas-
caded control loops: a grid current loop, capacitor voltage loop, and
inductor current loop. A proportional-integral regulator is adopted
in the grid currentloop, and a limiter is inserted after the integrator.
In the GC state, the proposed controller accurately regulates the
grid current of an individual inverter. When islanding occurs, the
proposed controller can automatically convert from grid current
control to vc—i4-based droop control; critical islanding detection is
not needed. This universal controller has several advantages. First,
it can realize seamless transfer of parallel inverters; microgrid
reliability can be guaranteed in the SA state, and power sharing
can be achieved among parallel inverters without communication
lines. Second, compared with droop control, it can regulate the grid
current accurately and output constant power when the grid volt-
age fluctuates in the GC state. Third, the grid current harmonics
in the GC state and capacitor voltage harmonics in the SA state
can be mitigated. Simulation and experimental results verify the
effectiveness of the controller.

Index Terms—Current droop control, grid-connected (GC) state,
seamless transfer, standalone (SA) state.

I. INTRODUCTION

ISTRIBUTED energy resources (DERs) have attracted
D increasing scholarly attention because they can alleviate
stress in main transmission systems, improve system power
quality, and reduce environmental pollution. The expansive pen-
etration of DERSs interfaced via power converters has introduced
the concept of microgrids (MGs). An MG is a small-scale grid
consisting of multiple DERSs; electrical energy storage devices;
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and loads that are electrically interconnected and hierarchically
controlled, which can operate in both grid-connected (GC) and
standalone (SA) states.

The output voltage and output power of DERs are controlled
by controlling inverters to achieve the following goals under
different MG operating states according to grid availability.

1) Controlling the output power of inverters in the GC state
according to set points determined by the MG central
controller (MGCC).

2) Maintaining the stability of MG and load voltage via load
tracking (i.e., maintaining a balance between production
and consumption) when transitioning from the GC state
to SA state.

3) Voltage regulation and accurate power sharing in the SA
state [1].

Compared with objectives (1) and (3) in a steady state, a
primary challenge involves seamless transfer from the GC state
to SA state. The control targets in GC and SA states are notice-
ably different, which may burden interstate transfers with inrush
currents and potential system crashes [2].

Therefore, two major control strategies have been proposed
to realize seamless transfer from the GC state to SA state. The
first approach is the hybrid current and voltage mode (HCVM)
control method, and the second is the droop control method.

In the HCVM control method, the DER inverter operates
under a current control mode (CCM) in the GC state but a
voltage control mode (VCM) in the SA state [3]-[11]. In the GC
state, these inverters can operate in parallel with other inverters
based on active and reactive power (PQ) control. Most inverters
belonging to DER systems operate in CCMs, as in photovoltaic
(PV) or wind power systems. These inverters can participate
in the control of the MG ac voltage amplitude and frequency
by adjusting, at a higher level control layer, the references of
active and reactive powers to be delivered [1]; however, inverters
with CCM cannot operate in the SA state if there is no inverter
to set the MG voltage amplitude and frequency. At least one
inverter should therefore change to VCM in the SA state, and
it is necessary to switch between two controller sets depending
on the state. This task calls for a critical islanding detection
scheme, which increases system complexity; the islanding de-
tection requires time, varying from 20 ms to a few hundred ms.
From the moment a utility outage begins (i.e., islanding occurs)
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to the moment the controller is switched to VCM (i.e., islanding
is detected), the load voltage is neither fixed by the utility nor
regulated by the inverter. Accordingly, the load voltage quality
may worsen during this period [12].

Various improved HCVM control methods have been pro-
posed to overcome this drawback by switching the inverter from
a CCM to a VCM without relying on islanding detection. When
the grid is broken, some limiters in the control structure of the
inverter will become saturated [13]-[19] or desaturated [12] to
realize automatic switching of the control mode; therefore, the
load voltage quality can be improved during the transition from
the GC state to SA state. However, many of these improved
HCVM control methods mainly focus on the seamless transfer
of a single inverter. If an improved HCVM control method is
applied to parallel inverters, they cannot operate normally in the
SA state. They will change to constant amplitude and constant
frequency (V-f) controlled voltage sources in the SA state, which
will elicit a circulating current and prevent power sharing among
them.

Under the droop control method, including virtual syn-
chronous generator control as a special case, the parallel invert-
ers in DERs operate in VCMs in GC and SA states. The droop
control method is suitable for inverters in energy storage (ES)
systems or for PV or wind power systems with ES equipment.
These inverters can help regulate MG frequency and voltage
by delivering appropriate active and reactive power values in
GC and SA states. They can achieve seamless transfer from the
GC state to SA state and realize power sharing in the SA state.
However, if grid voltage fluctuates in the GC state, the objective
(1) may fail and the inverter output power could deviate from its
set point. Moreover, the droop control method does not control
the inverter grid current directly; hence, its dynamics may be
slow and distortion could follow from grid voltage harmonics.

Several improved droop control methods have been devised
to solve these issues [2], [20]-[28]. An enhanced power flow
control for droop-controlled inverters was suggested in [20],
where the feedforward of grid frequency and voltage magni-
tude was adopted to mitigate the effects of grid fluctuation;
however, reference switching occurred in different operating
states. Control strategies for multimode operations of an online
uninterruptible power supply (UPS) system were proposed [21],
where UPS system inverters were based on droop control. The
transfer between different operating modes was achieved by
adjusting the reference value and control structure of droop
control. Yet, the reference switching in [20] and adjustment to the
reference and control structure in [21] both relied on islanding
detection. If islanding occurs but has not yet been detected and
the reference and control structure remain constant, undesirable
transients may result. Karimi-Ghartemani ez al. [22] presented a
controller that was flexible in combining real and reactive power
control with voltage and frequency support, which did not rely on
islanding detection, but the grid current was still not controlled
directly.

This article tries to address the above-mentioned research
gaps by proposing a universal controller for parallel inverters.
The universal controller is mainly composed of frequency-
locked-loop (FLL) and three cascaded control loops: a grid
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current loop, capacitor voltage loop, and inductor current loop. A
proportional-integral (PI) regulator is adopted in the grid current
loop, and a limiter is inserted after the integrator. A PI regulator
is adopted in the capacitor voltage loop, and a proportional
(P)-regulator is adopted in the inductor current loop.

The proposed universal controller offers three advantages.

1) Inthe GC state, parallel inverters are controlled as current
sources, and the grid current of an individual inverter
is regulated by a PI regulator in the grid current loop
to follow its reference value. Compared with the droop
control method, the universal controller can regulate the
grid current accurately and output constant power when
the grid voltage fluctuates in the GC state.

2) When islanding occurs, the integrator in the grid current
loop will be saturated, but the P-regulator will continue
working and the inverters will transfer automatically from
current sources to voltage sources based on vc—i, droop
control without relying on islanding detection. The droop
relationship is established between the inverter output
capacitor voltage v and grid current i, in the dg syn-
chronous reference frame (SRF). Seamless transfer of
parallel inverters is achieved, and uninterruptible load
voltage is realized during the state transition. In the SA
state, the combination of v iy droop control and an FLL
block can realize power sharing among parallel inverters
without communication lines.

3) Additionally, quasi-resonant (QR) controllers are adopted
in the grid current loop and capacitor voltage loop. Com-
pared with the droop control method, in the GC state,
harmonics in the grid current caused by grid voltage
distortion can be mitigated, and grid current quality can
be improved. In the SA state, capacitor voltage harmon-
ics caused by nonlinear loads connected at the point of
common coupling (PCC) can be suppressed.

The rest of this article is organized as follows. In Section II,
the control principle of the universal controller is introduced.
Section III presents the design and analysis of the control pa-
rameters. Simulation and experimental results are summarized
in Sections IV and V, respectively, to verify the effectiveness
of the proposed controller. Finally, conclusions are given in
Section VI.

II. CONTROL PRINCIPLE OF THE UNIVERSAL CONTROLLER

In this section, the control principle of inverters with a uni-
versal controller is introduced in detail.

A. System Structure

A schematic diagram of parallel inverters and the main control
block appear in Fig. 1. The dc voltage of the individual inverter
is controlled by the front-end power electronic converter, both
represented by the dc voltage source. The inverter output con-
nects with an LC filter. Zj;,,. denotes the line impedance between
the DER and PCC. The transfer switch §; is controlled by the
MGCC, and the circuit breaker S, is governed by the relay
protection device. When the grid is normal, S; and S, are each
closed. When the grid is broken, .S,, turns OFF immediately, and
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Fig. 1.  Schematic diagram and control block of the universal controller.

anisland forms. Once islanding is confirmed, .S; turns OFF. When
the grid is restored, the circuit breaker S, closes automatically.
The PCC voltage should presynchronize with the utility voltage
first, after which the transfer switch .S; turns ON to reconnect
the MG with the utility. The inductor current 474, capacitor
voltage vcoabe, and grid current 4444 are sensed and used in the
control loops. The PCC voltage vpcc and grid voltage v, of
both sides of S; are sensed to realize presynchronization.

The average model of power stage in SRF can be derived
according to [15]. With the decoupling approach, the average
model can be simplified into three single input single output
systems, as shown in (1)—(3) and the subscript d and ¢ are
neglected

Vdc dZL .
-d=Ls-—+ R - 1
5 T dt+ ESR - i1, +vC (1
dv
iL:C'f'7C+iLL+ig (2)
dt
di .
ve = Liine - It + Riine - tg + VPcC (3)

where V. is the dc voltage, d is the average duty cycle, and
Rgsr is the equivalent series resistance of the filter inductor Ly,
17, and v represent the inductor current and capacitor voltage,
respectively; C is the capacitance of filter capacitor; irr, is
the local load current; i, represents the grid current; Ly is the
inductance component of Zj;,,e, Riine 1S the resistance component
of Zjine, and vpoc is the PCC voltage. The transfer function from
capacitor voltage v to grid current 7, can be represented as (4),
and the grid current can be controlled by regulating the capacitor
voltage in d- and g-axes, respectively

ig(s) 1
. = == . 4
ng;u(s) UC(S) S+ Liine + Riine @
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Fig. 2. Overall control diagram of the proposed controller. (a) FLL block.
(b) Grid current loop. (c) Capacitor voltage loop and inductor current loop.

B. Control Scheme

The overall control block of the individual inverter is shown
in Fig. 2, including the FLL block, grid current loop, capacitor
voltage loop, and inductor current loop.

1) FLL Block: The FLL block is presented in Fig. 2(a); it
is used instead of the phase-locked-loop (PLL) to estimate the
frequency. On one hand, the FLL combines with the vcy—igq
droop equation to form negative feedback control in the SA state;
on the other hand, because the frequency is more stable than the
phase angle, FLL is more robust against grid disturbance than
PLL [29]. The compensation term wWeom, 1S used to realize phase
angle presynchronization of the PCC voltage vpcc and grid
voltage v,, which will be introduced later. If the grid voltage is
heavily polluted by the harmonics, the second-order generalized
integrator—quadrature signal generators (SOGI-QSGs) can be
used to extract the fundamental positive sequence components
of capacitor voltage [30], as shown in the Appendix, which can
improve the FLL performance.

2) Grid Current Loop: As indicated in Fig. 2(b), in the grid
current 100p, igqrer and igqrer denote grid current references,
igq and iy, are the actual grid currents on the d- and g-axes,
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respectively; and wgL, is the decoupling item. A PI regulator
Gra_pr and QR regulator G gr are also used, where kg,
represents the coefficient of the P-regulator, and k; represents
the coefficient of the integrator.

One noteworthy improvement is that a limiter is inserted after
the integrator rather than after the PI regulator. In the GC state,
the limiter does not restrict the output of the integrator, and
Voq connects with vg; while v, connects with v,;; therefore, the
regulator Gy _pr serves as a PI regulator to regulate the grid
current to track its reference, and the inverters operate in CCMs.
When the grid is broken, the limiter after the integrator becomes
saturated and outputs the limiting value. The regulator Grc pr
changes to a P-regulator to form vc—i4 droop control, which
will be explained in detail later.

The most common harmonics in grid voltage are the —5th and
7thharmonics [31], these change in the three-phase coordinating
system to the —6th and 6th harmonics, respectively, in the SRF
with rotating speed of fundamental angular frequency. The +6th
harmonics in the grid current are regulated to zero by the QR
regulator with a resonance angular frequency of 6w in the GC
state. If harmonics of other times occur in the grid voltage, more
QR regulators with different resonance angular frequencies can
be added to the grid current loop. The QR regulator has been
presented in many studies [32]-[34] and is not detailed here.

The compensation term Vj comp on the d-axis is used to
realize voltage amplitude presynchronization of the PCC voltage
vpcc and grid voltage vy, which will be addressed later.

3) Capacitor Voltage Loop and Inductor Current Loop: De-
tailed structures of capacitor voltage loop and inductor current
loop are depicted in Fig. 2(c), where vcq and ve, are actual
capacitor voltages on the d- and g-axes, respectively; and woC's
is the decoupling item. Here, the voltage regulator also adopts
a PI regulator Gy _p; and QR regulator Gy _qr. The current
limitation term Ij;y, is added to the capacitor voltage reference
to limit the inverter output current when the overload happens,
where I« 1S the maximum allowed output current of inverter
and I7,_,mp is the amplitude of output current of inverter. G'_p1
is a PI controller, and its upper limiting value is set as zero.

irq and ip4 are the actual inductor currents on the d- and g-
axes, respectively; wg L is the decoupling item; and the current
regulator Gy, adopts a P-regulator. The capacitor voltage vcq, ¢
is added to the d- and g-axes to implement voltage feedforward
control.

C. Operating Principle

The operating principle of an individual inverter with a uni-
versal controller will be introduced in four states: the GC state,
the transition from the GC state to SA state, the SA state, and
the transition from the SA state to GC state.

1) GC State: If the utility is ideal, the grid voltage is purely
sinusoidal and only includes the fundamental component. If the
utility is not ideal, the grid voltage may include the fundamental
component and harmonics, which will lead to harmonics in the
grid current.

The fundamental component in the three-phase coordinating
system changes to a dc component in the SRF with a rotating
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speed of fundamental angular frequency. When the utility is
normal, the regulator Gj; py operates as a PI regulator to
regulate the dc components iy 44 and iy g4 of the grid current to
follow their references 7gqrer and igq4rer, respectively, as shown
in (5). The QR regulator G';¢_gr regulates the £6th harmonics
in grid current ip6_ga,q to zero, as shown in (6)

{ vf_cdret = (Kgp + =2) - (igdret — if_ga) 5
kgi
vf_cqret = (kgp + %) (igqret — if_gq)
_ 2kirewes
Vh_Cdref = s2+2wcs+(6w)2 ( 7/h6 qd) (6)
Vh_Caret = ——iebeS () — fpg_g0)
-Lgre 52+2wcs+(6w)2 6_99

where k;.¢ is the integral coefficient, w, is the cutoff angular
frequency, and 6w is the resonance angular frequency of the QR
regulator.

The voltage reference for the capacitor voltage loop is as
follows:

VOdret = Vf_Cdref T Vh_Cdref %
VCgref = Vf_Cqref + Uh_Cqref-

For the capacitor voltage loop, the PI regulator Gy _p; regu-
lates the dc component of capacitor voltage vy cq,q to follow
their references v¢_cq,gret, and the QR regulator G'y_qg is used
to regulate the £=6th harmonics in capacitor voltage vj,_cq,q to
follow their reference v;,_cd, gref-

For the inductor current loop, the P-regulator Gy, is adopted
to regulate the dc component and harmonics.

To simplify analysis, the grid voltage is assumed as purely
sinusoidal. The exchanging power between the DER and PCC
can be expressed as follows:

Pdg = 5 ' (UCd . Z.gd + VCyq - igq) (8)
3 ) .
ng = 5 . (qu *lgd —VCd - qu)- (9)

As shown in Fig. 2(a), the phase angle of capacitor voltage is
as follows:

1

1
R

S . (wo + krLL - Vog)- (10)

The power angle d, namely the phase-angle difference be-
tween the capacitor voltage and PCC voltage is (11). If the grid
is ideal, then the angular frequency of PCC voltage wpcc equals
the nominal angular frequency wg

0= . (w* — chc)

1

= — - (wo + krLL - voq — wWpPcC) = . (kpLL, - veoq)- (11)

® | = » | =

Because of the function of the PI regulator Gri pr in the
grid current loop, the actual grid current i4q9 and 44, follow
their respective references iggret and igqrer. According to (5),
the voltage references vcgrer and v grer also remain constant.
The actual capacitor voltages vc g and v, are regulated to follow
VCdref aNd Vogrer and remain unchanged. According to (8) and
(9), the exchanging power between the DER and PCC is kept
constant. Therefore, v, must be zero; otherwise, § will continue
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changing according to (11), and Py, and ) 44 will keep changing
as well.
Then, (8) and (9) can be simplified as follows:

3 .
Py = 5 " vCd g (12)

3 .
Qag = —= - Vcd - lgq- (13)

2

2) Transition From GC State to SA State: It is assumed that
the MG injects real and reactive power into the utility in the GC
state; thatis, Py, > Oand Q)4 > 0,as showninFig. 1. The detailed
transition process from the GC state to SA state is illustrated
in Fig. 3. When the grid is broken and S,, turns OFF at t1, P,
and @), each decline to zero. At this point, the output power of
DERs remains nearly unchanged, and the remote load power
is imposed on the output power of all DERs. Therefore, the
amplitude and frequency of the remote load voltage rises and
falls, respectively.

Before time #;, the phasor relationship of the capacitor voltage
of DERI and the PCC voltage are shown in Fig. 4(a). The phase
angle of the capacitor voltage is assumed to be 0°; thus, the phase
angle of the PCC voltage is ;. The grid current of DER1 744, +
Jigq1 can be calculated as (14), where Xjine1 is the reactance of
Zline1, and Rjineq 1S the resistance of Zjine1

Vo140 — Vpac 4oy

Riine1 + j Xiine1
~ Vo1 — Vpccceosdy — jVpcosind;
B Riiner + 7 Xlinet

Z.gdl + jigql =

(14)
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(Ver — Vpeccosdr ) Riinel + Ve Xiine1 Sinds

Z'gcll -

R121n01 + X12inc1
(15)
; = Riine1 Vpcesinds — Xiine1 (Vo1 — Vecccosdy )
gq1 = :
o R12ine1 + X12ine1

(16)

At time #1, the amplitude and frequency of the remote load
voltage will rise and fall; therefore, the phasor relationship
changes to Fig. 4(b). The grid current i441 + jigq1 is then calcu-
lated as in (17) shown at the bottom of this page

(Vpce + AVecc) Xiinersin(dr — Ady)

lgdl =
I RIQincl + XIQincl
Vo1 — (Vece + AVpac)cos(d1 — Ady)| Riiner
+ R+ X2
linel linel
(18)
= _ Riine1(Vpce + AVpec)sin(d1 — Ady)
7 Rl2ine1 + Xlzinel
_ Xiine1[Ver — (Veee + AVpec)cos(d1 — Ady )]
Rl2inel + X121n61 ‘
(19)

In the MG application with low voltage, the R/X ratio of line
impedance is close to 7.7 [1]. Therefore, comparing (15) and
(18), the d-axis grid current i441 declines when the grid is broken
at t;. Similarly, the g-axis grid current i44; increases at t; by
comparing (16) and (19). As shown in Fig. 2(b), the input of the
d-axis integrator in the grid current loop is larger than zero, and
the output of the integrator increases. The input of the g-axis
integrator in the grid current loop is smaller than zero, and the
output of the integrator declines.

Whether the output of the integrator reaches the limiting value
of the limiter depends on the amount of P, and (), in the GC
state. If the respective exchanging power P, and (), are large,
then the reduction in 74 is large when the grid is disconnected,
and the output of the integrator will continue increasing until
reaching the upper limiting value Vi, ax. At that point, vg; will
be fixed at Vjjmax and vy; will be fixed at Vimin. Then, the voltage
references will change to the following equation:

VCdref = kgp : (7fgdref - ’{gd) + Vimax (20)
VCqref = kgp : (qurcf - qu) + quin~

Conversely, if the respective amount of P, and (), are small,
then the reduction of 744 is small when the grid is disconnected,
1gq 1s regulated to equal ¢ 44, before the output of the integrator
reaches Vymax. Regardless of the case, the output of the integra-
tor is always between the lower and upper limiting values of the

Ve1£0 — (Vpcc + AVPCC)Z((Sl —

ASy)

g 99 ll)/ X’
linel ] linel

Vet

(Vpcc +AVPcc)COS(51 —A51) —j(Vpcc +AVpcc)Sin(51 —A(Sl)

" Riine1 + j Xiine1

: (17)
Riine1 + 7 Xline1
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limiter. The output of the integrator on the g-axis can be analyzed
similarly, and it consistently remains between Vyin and Vmax.
By designing appropriate limiting values, during the transition
from the GC state to SA state, the capacitor voltage amplitude
can be controlled within the allowable operation range.

3) SA State: As indicated in Fig. 3, after islanding has been
confirmed at time o, .S; turns OFF. There are several islanding
detection methods, which can be classified into two groups,
namely, remote and local. In this proposed control method, be-
cause the voltage amplitude and frequency are always controlled
within the allowed range, the local passive methods are failed;
the local active method, such as the method proposed in [35],
can be used in the universal controller. The inverter operates
in a VCM in the SA state; the P-regulator is adopted in the
grid current loop, forming veq—igd, Veq—igq droop control. To
improve the voltage quality in the SA state, once islanding is
detected at t2, v,q switches from vg; to Vg and v, switches
from vg; to Vo, as shown in Fig. 2(b). Here, Vg is the nominal
value of the capacitor voltage amplitude, and Vo is zero. The
QR regulator Gr¢ _gr in the grid current loop is also deactivated
at 19, and the control formula of the grid current loop changes to
(the following equation:

{UCdref = VdO + kgp : (igdref - igd) (21)
Vegret = Vo + kgp + (iggret — igq)-

The real and reactive power can be shared approximately
among DERs based on v.—iy droop control [36]-[38]. The
output angular frequency w* of FLL is determined by v.,, as
shownin (10). The steady-state voltage error will be zero with the
PI regulator G'y_p1 in the capacitor voltage loop; therefore, v.q
serves as an intermediary between 4,4, and w*. The relationship
between w* and 44, is presented in (22), and negative feedback
results

w* — wo — kFLL . kgp . (igqrcf — igq). (22)

If 74, is not equally shared among DERs, according to (22),
the angular frequency w* of each inverter will differ, leading to
a varying power angle 4. 4, will also vary with varying power
angle §. Finally, w* of each inverter converge to the same value,
and equal sharing of 74, can be achieved.

The sharing of i, depends on grid line impedance. If the grid
line impedances Zj;, of different DERs are the same, then 744
can be shared equally. However, if Z;,o are different, then the
vcd —iga droop relationship is useful for sharing i44. Even so,
sharing error will persist due to unequal line impedance.

For the capacitor voltage loop, the QR regulator G'y qr
remains functional in the SA state to mitigate harmonics in the
capacitor voltage. Because the QR regulator G _gr in the grid
current loop is deactivated, the reference vy,_cq,qrer changes to
zero. Harmonics in the capacitor voltage can be regulated to zero
via the QR regulator Gy _qR.

4) Transition From SA State to GC State: 1f the grid returns to
normal and S, is closed, before turning ON .S;, the PCC voltage
vpcc should presynchronize with the grid voltage v, first. Three
steps are adopted in the reconnection process to reduce the inrush
grid current.
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Fig. 5. Control block of (a) phase presynchronization and (b) voltage ampli-
tude presynchronization.

First, when the grid returns to normal and switch S, turns
ON, v,4 reconnects with v4; and v,, reconnects with v,;, see
Fig. 2(b).

Second, the control switches Sy and S5 in Fig. 5 are connected
with Channel 1 to realize amplitude and phase-angle presyn-
chronization, where 6, is the phase angle of the grid voltage,
and Opcc is the phase angle of the PCC voltage; Vy amp is
the grid voltage amplitude, and Vpccamp is the PCC voltage
amplitude; and k;_ o, and k;_.mp are the integral coefficients.
Except for during the presynchronization process, the control
switches S and So always connect with Channel 0.

Third, S; turns to reconnect the MG with the utility. After
some time, the limiter output in the grid current loop becomes
desaturated, and the PI regulator G;_p; functions again. The
QR regulator Gr¢_gr in the grid current loop is then activated,
and the compensation terms weomp and Vg _comp are reset to zero
after the switch S; turns ON.

D. Discussion of the Effect of Load Change on
Control Mode Switching

When the load brings a large step change in the GC state,
the output of the integrator in the grid current loop can reach the
limiting value of limiter, and the control method will switch from
grid current control to vc—i 4 droop control. This occurrence may
result in an undesirable transient process as explained.

First, the influence of the local load change of one inverter on
switching the control mode of parallel inverters is discussed.
As displayed in Fig. 1, multiple inverters with the universal
controller connect in parallel. When the local load of DERI1
brings a large step change, the switching control mode of the
inverters in DER1 and DER?2 is analyzed.

The local active load of DERI brings a large step change,
increasing at instant #;. The d-axis capacitor voltage vogy will
then decline, as well the d-axis grid current 744, atinstant #;. As
shown in Fig. 2(b), the input of the d-axis integrator in the grid
current loop is larger than zero, and the output of the integrator
increases. If the local load increase is large enough, the decline
in 4441 is large and the output of the integrator will continue
increasing to the upper limiting value Vgmax. Then, the capacitor
voltage reference will change to (23). The reduction in 4441 Will
cause an increase in Vogref 1

VCdrefl = kgp ' (igdrefl - igdl) + Vimax- (23)

Due to regulation of the PI regulator in the capacitor volt-
age loop, the d-axis capacitor voltage vcg; increases to fol-
low vegrer1- The relationship between the capacitor voltage
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veq1 + jvegr and PCC voltage vpcca + jvpccg can also be
represented as follows:

vodl + jvogr = (Riinet + j Xiine1) - (iga1 + Jigq1)

+ vpccd + Jupcey (24)
vVodl = Riine1igal — Xline1lgql +vpcca  (25)
VCq1l = Rlineligql + Xlineligdl + vpccg- (26)

Similarly, because in the MG application low voltage, the R/X
ratio of line impedance is large, (25) and (26) can be simplified
as follows:

27)
(28)

vod1l = Riineltgd1 + vpccd
VCql = Rlineligql + VpCCq-

The increase in vcq1 Will stop the decline in 4441 and then
cause an increase in i4q1 according to (27). Therefore, the
input of the d-axis integrator will decline, and the output of
the integrator will reduce and gradually desaturate. The control
method will ultimately return to grid current control from vo—ig
droop control automatically. If the local reactive load of DER1
brings a large step increase, then the process is similar and is
thus omitted here.

The step change in the local load of DER1 has no influence on
the control mode of the inverter in DER2; the power consumed
by the local load of DERT1 is provided by DER1, and the local
load change is undertaken by DER1. The capacity of DER1 and
its local load size should be designed carefully to ensure DER1
can provide the power consumed by the local load plus the power
injected into the PCC.

Second, the influence of the remote load change on switching
the control mode of parallel inverters is analyzed. If the grid
is strong (i.e., the grid line impedance Z, in Fig. 1 is zero or
small), when the remote load brings a large step change, it will
be undertaken by the grid. Thus, it has no influence on the control
mode of inverters in DER1 and DER2. While if the grid is weak
(i.e., the grid line impedance Z,; in Fig. 1 is large), the remote
load change will influence the control mode of inverters in
DER1 and DER2. When the remote load brings a large step
increase at time 7, the output power of DERs remains nearly
unchanged and is insufficient to meet remote load demand.
Therefore, the amplitude and frequency of the remote load
voltage falls and rises, respectively. Then, the analysis is similar
with that during the transition from the GC state to SA state. It
is easy to find that the d-axis grid current 4,4; increases and 7441
declines at ;. As shown in Fig. 2(b), the input of the d-axis
integrator in the grid current loop is smaller than zero, and
the output of the integrator declines. If the increase of remote
active load is large, the increase of i44; is large and the output
of the integrator will continue decreasing until reaching the
lower limiting value Vgy,in. Then, the analysis is similar with the
condition of local active load change, but the change direction
of variables is reverse. The control method will ultimately return
to the grid current control from the vc—i, droop control.

Above all, no matter the local load of inverter or remote load
brings a large step change in the GC state, if the control mode of
inverter switches from the grid current control to vc—i4 droop
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control, it can return to the grid current control automatically in
the end, i.e., the control mode of inverters in DERSs can achieve
seamless switchover.

III. ANALYSIS AND DESIGN OF CONTROL PARAMETERS

In this section, the inverter with a proposed universal con-
troller is analyzed and designed.

A. Analysis of Operating Points

In the GC state, the inverter is controlled as a current source by
the grid current loop. The steady-state error of the fundamental
component of the grid current is zero with the PI regulator in
the grid current loop, and grid current harmonics are controlled
to zero by QR regulators in the grid current loop and capacitor
voltage loop; accordingly, the grid current in a steady state can
be expressed by the following:

Z.gd = Z'galref

igg = lgqref-

In the SA state, the inverter is controlled as a voltage source,
and the voltage reference is produced by vc—i, droop control.
The steady-state error of the fundamental component of the
capacitor voltage is zero with the PI regulator in a capacitor
voltage loop, and capacitor voltage harmonics are controlled to

zero by the QR regulator in the capacitor voltage loop; as such,
the capacitor voltage in a steady state is as follows:

(29)

{ ved = Viao + kgp - (igdret — 1gd) (30)

veg = Voo + kgp - (iggret — igq)-

B. Limiter Design

During the transition from the GC state to SA state, the outputs
of the d- and g-axes limiters vg_¢; in the grid current loop can be
different values according to the power flow direction of P, and
Qg in Fig. 1. According to the analysis in Section II-C, if the
exchanging power P, and (), between the MG and utility in the
GC state is small, then the output of the integrator may not reach
the limiting values of limiter when the grid is disconnected. It is
assumed that the exchanging power between the MG and utility
is sufficient.

When the MG disconnects from the utility, the output of the
d-axis limiter vg; in the grid current loop is determined by P,
as shown in (31); similarly, v,; is determined by @, as in (32),
where vcq_qco and ve,_cc are output values of the d- and g-axes
limiters at the moment when the MG is disconnected from the
utility, respectively

Viamax, Pg >0

Vgi = Vod.cce, Py=0 (31)
Vimin, Py <0
Vimin, Qg >0

Vgi = § Vg ao, Qg =0 (32)
Vgmax, Qg < 0.
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TABLE I
EXTREME VALUES DURING THE TRANSITION PROCESS FROM GC STATE TO SA STATE

The direction of power

flow Pg>07 Qg>0 Pg>0: Qg<0 Pg<07 Qg>0 Pg<0: Qg<0
Extreme value of vy Vimax Vimas Vimin Vimin
Extreme value of v,; Vamin Vamax Vamin Vymax
Extreme value of i,y Tgdmin A Tgdmin A Tgdmar A lgdmar A
Extreme value of 7, Tggmax A Togmin A Tggmax A Tggmin A
. . 2 . . 2 . . 2 . . 2
Extreme voltage ( Vdmax'kgp'(lgdmin'lgdmf)) (Vdmax'ky:'(lgdmm'lgdmf)) ( V amin 'kgp'( Lodmax™ gdref)) (Vdmm'kgp'(lgdmax'lgdmf))
amplitude . . 2 . . 2 . . 2 . . 2
P +( qum 'kgp '(lgqmax'lgqm/)) +( quax'kgp (i min'lgqre/)) +( qum'kgp '(lgqmax'lgqm/)) +( quax'kgp '(lgqmm'lgqre/))

If the MG injects real or reactive power into the utility in the
GC state, then the DERs should reduce their output power when
the MG disconnects from the utility, When the grid currents 44
and ¢4, of DER are each zero, the output power of DER reaches
its minimum value (igdmin = 0 and iggmax = 0). Conversely, if
the MG absorbs real or reactive power from the utility in the
GC state, the DERs shall output more real or reactive power
when the MG disconnects from the utility. The maximum value
of the d-axis grid current i4gmax and minimum value of the
g-axis grid current ¢gqmin are determined by the inverter power
rating. Combing (20), (31), and (32), extreme values during the
transition from the GC state to SA state can be calculated as
listed in Table I.

According to the IEEE standard 1547-2018 [40], the allowed
voltage operating range is 0.88—1.1V, o, Where Vi, is the
nominal value of the capacitor voltage amplitude. Therefore,
to ensure that the voltage magnitude is within the allowable
range, the chosen limiting values shall comply with the following
rules:

(Vdmax - kgp . (igdmin - Z-gdref))Z
+ (quin - kgp ’ (igqmax - igqref))Q
S 11 ‘/nom (33)
(Vdmax - kgp . (igdmin - igdref))Z
+ (quax - kgp ) (igqmin - igqref))Q
S 11 ‘/nom (34)
(Vdmin - kgp : (igdmax - igdref))Z
+ (quin — kgp - (igqmax - igqref))z
Z 0.88 - ‘/nom (35)
(Vdmin - kgp . (igdmax - igdref))Z
+ (V;]max - kgp : (igqmin - igqref))2
Z 0.88 - ‘/nom (36)

The d-axis upper limiting value V. should exceed the
nominal value V},op,, and the lower limiting value Vi, should

be below the nominal value Vo, as shown in (37). In the GC
state, vcy in a steady state is 0; thus, Vin and Viyax should
be symmetric, as indicated in (38)

Vdmax > Vnom
(37)

Vdmin < Vnom
quax = _V:]min > 0. (38)

The droop coefficient (proportional coefficient) kg, is set to
0.4; the design procedure will be introduced later. The nominal
phase-neutral capacitor voltage amplitude Vi, is 141.4 V. The
d-axis grid current reference ig4q4rer is set to 5 A, and iggrer is
set to 0 A. The minimum of the d-axis grid current ig4gmi, is
zero, and the maximum Zggmayx 1S 10 A; the minimum of the
g-axis grid current iggmin 1S =5 A, and the maximum 4 gmax 1S
0 A. Therefore, upon combining (33)—(38), we can select the
limiting values as follows:

Vimax = 1.08 - Viom = 152.7V
Vimin = 0.89 - Voo = 125.8 V
Vimax = 0.09 - Voo, = 127V
Vimin = —0.09 - Vo = —12.7 V.

(39)

C. Controller Design

1) Design of Voltage Loop PI Regulator Gy _pr: The voltage
loop is used to regulate the capacitor voltage in GC and SA
states, and the inner inductor current loop is used to improve the
dynamic performance and damp the LC filter. For the inductor
current loop, the small-signal model of the control-to-inductor
current can be calculated as shown in (40). The transfer function
of the delay introduced by digital control is represented by (41).
The dual-updated operation mode of the program and pulsewidth
modulation is adopted in digital control, such that the delay time
Ty in (41) is set to one switching cycle [15]

Ve sC'
Gials) = L) _ Vae ! 40
d(s) d(s) 2 SszCf + SRESRCf +1 (40)
277 Ty 1
Hy(s)= > 12 =53 F @41)

T2 T !
21q Ty
S 12+82+1
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Fig. 6. Block diagram of the capacitor voltage loop and inductor current loop.

TABLE I
POWER STAGE PARAMETERS

Parameter Value Parameter Value

Rated power of

DC voltage Vpc 400V DER Ppp 10 KW

Filter inductor L, 3 mH Rese 0.019Q

Filter capacitor Cy 30 uF Rated angular' 50-2m rad/s

frequency of grid

Grid-tied inductor 1 mH Delay time 7y 1-10*s

Grid-tied resistor 1Q Switching 10 KHz

frequency

To simplify the design of inductor current loop, the delay is
not considered in the derivation but will be covered in the final
Bode plot. The P-regulator is adopted for Gy, as shown in (42).
The transfer function from the capacitor current to capacitor
voltage is presented in (43). Then, the control object of the
voltage compensator (i.e., the transfer function from the inductor
current reference to the capacitor voltage, see Fig. 6) can be
gained, which is expressed in (44)

Grr = karr (42)
UC 1
Gopi(s) = == = — 43
(s) G (43)
Vae
Gv_iLref(S) = ;
. karr
s2LsCy + s(ResrCy + Y Crkgyr) + 1
(44)

It is clear that (44) is a typical second-order system, and the
damping factor ( is related to kgrs. kg can be calculated
as (45). Therefore, kgy; can be designed according to the
optimized damping factor ¢ and is set at 0.0707

T

By 28 *C; — Resr 4¢ Ly “5)
en=——w "~y "\
f

Power stage parameters are shown in Table II, and the Bode
plot of the control object of the voltage compensator is illustrated
in Fig. 7 considering the delay (41).

Next, the voltage compensator GGy pr can be designed conve-
niently. A PI regulator, expressed by (46), is used for the voltage
compensator Gy pr. The Bode plot of the voltage loop is shown
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Fig. 7. Bode plot of the control object of voltage compensator.
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Block diagram of the grid current loop.

in Fig. 8, where kpy equals 0.058 and kv equals 254. The phase
margin is set to approximately 40°, and the crossover frequency
is roughly 510 Hz

krv

Gy pi(s) = kpv + - (46)

2) Design of Grid Current Loop PI Regulator Gjc pr: Be-
cause the bandwidth of the capacitor voltage loop is much
larger than that of the external grid current loop, the grid
current loop can be designed based on the ideal voltage loop,
in which the gain of the closed-loop transfer function is in
unity within full frequency range. The control object of the grid
current compensator can be simplified as (4), as illustrated in
Fig. 9.

The compensator G pr of the grid current loop adopts
different forms in the GC state and SA state, respectively. In the
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Fig. 10.  Bode plot of the loop gain of grid current loop with ideal and actual
voltage loop.

GC state, Gj¢_pr operates as a PI regulator, where kg, equals
0.4 and kg4, equals 180; the Bode plot of the loop gain of the
grid current loop is shown in Fig. 10. The crossover frequency
is 30.6 Hz, and the phase margin is approximately 102°. The
Bode plot of the loop gain of the grid current loop with the
actual voltage loop is also presented in Fig. 10. The Bode plots
of these cases are nearly identical up to 300 Hz, larger than the
bandwidth of the grid current loop. Therefore, simplification of
the grid current loop design is reasonable.

In the SA state, the compensator G;¢ py changes to a P-
regulator, as shown in (21). To ensure that the load voltage
magnitude is within the allowable range, the following rule
should be obeyed:

0.88 - Viom < vca = Vao + kgp : (igdref - Z'gd)
< 1.095 - Viom

—0.1 - Viom < veq = Voo + kgp - (iggret — igq)
< 0.1 Vaom-

(47)

Therefore, according to the setting values of Vy 40, igd,gret,
the extreme values of 4,44 , and (47), the proportional coefficient
kgp should comply with the following equation:

kgp < 2.68. (48)

If k), is selected to be larger, according to (33)—(36), to ensure
the voltage amplitude remains within the allowable range during
the transition from the GC state to SA state, the limiting values
of the limiter on the d- and g-axes should be set closer to the
nominal values. However, to maintain normal functioning of the
integrator in the GC state, the limiting range of the limiter cannot
be too narrow. There is a tradeoff when selecting the proportional
coefficient kg, which is ultimately set to 0.4 in this case.

The relationship between the angular frequency w* and g-axis
grid current 4,4, is shown in (22). To ensure the angular frequency
is within the allowable range [39], the following rule should be
obeyed:

21 - 49.8 < w* =wo + krrr - kgp . (igqref — igq) < 27 -50.2
(49)

krir - kgp < 0.08 - 7~ 0.25. (50)
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Fig. 11.  Simulation circuit.

According to (50), when kg, is 0.4, the maximum of kpr 1, is
0.625. In this article, kprr, is set as 0.6.

3) Design of OR Regulator Gig_gr and Gy _qr: Inthe grid
current loop and capacitor voltage loop, the QR regulator is used
to mitigate grid current harmonics in the GC state and capacitor
voltage harmonics in the SA state; see the following equation:

2kirewes
$% 4 2wes + (6w)?

Gia(v) qr(s) = (51

In the GC state, the QR regulator G _gr is used to regulate
the +6th harmonics in grid current to zero, and G'y_qr is used
to regulate the +-6th harmonics in capacitor voltage to follow its
reference vj,_cq,qrer When the grid voltage including harmonics.
In the SA state, Gig_qr in grid current loop is deactivated, the
reference vy,_cd, qref changes to zero. The harmonics in capacitor
voltage can be regulated to zero by the QR regulator Gy gr.

The detailed design and analysis of the QR regulator have
been discussed in [32]. With an increasing integral coefficient
kir6, the gain of QR regulator at the resonance angular frequency
increases. With a growing cutoff frequency w,., the gain and
bandwidth of the QR regulator increase. Yet, an excessively
large k;.¢ will deteriorate the stability and convergence of the
system, and an overly large w. will influence the frequency-
selection characteristic of the regulator. Thus, there is a trade-
off when selecting the integral coefficient k;,¢ and cutoff fre-
quency w,. In this article, k;.¢ is set to 30 and w, is set to
5 rad/s.

IV. SIMULATION VERIFICATION

The simulation circuit is shown in Fig. 11 and the simulation
parameters are listed in Table III. The first simulation is con-
ducted to investigate the influence of a large load step change
on switching the control mode of the inverters.

Initially, the local loads of master DER1 and DER?2 are 80 €2,
and a 5 Q resistor is added to the local load of master DER1 at 2 s.
The d-axis grid current 7441 and d-axis capacitor voltage vca1
each decline at 2 s, as shown in Fig. 12(a) and (b). Because
the local load increase is sufficiently large, the reduction in
igq1 1s also large, and the output of the integrator continues
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Simulation results of master DER1 and DER2 when the local active load of master DER1 brings a large step increase at 2 s. (a) d-axis grid current 741

of master DER1. (b) d-axis capacitor voltage vc g1 of master DER1. (c) Output of the d-axis limiter in grid current loop of master DER1. (d) d-axis capacitor
voltage reference vogrer1 of master DERI. (e) Phase A grid current 44,1 of master DER1. (f) Phase A capacitor voltage vc o1 of master DERI1. (g) d-axis grid

current 4442 of master DER2. (h) d-axis capacitor voltage v g2 of master DER2.

increasing until reaching the upper limiting value Vgyax; see
Fig. 12(c). Then, the capacitor voltage reference changes to
(23), and the reduction in 744, causes an increase in Vcdref1,
as shown in Fig. 12(d). Due to regulation of the PI regulator
in the capacitor voltage loop, the d-axis capacitor voltage vo g1
increases to follow vogrer1. Additionally, the increase in v g1
stops the decline in 7,44; and leads to an increase in 7441. The
input of the d-axis integrator will then reduce, and the output of
the integrator will decline and desaturate gradually.

The grid current fluctuates at 2 s but can return to its reference
(igdret1 = S A, iggret1 = 0 A) quickly; see Fig. 12(e). Although
the capacitor voltage amplitude has some oscillations, the ca-
pacitor voltage is always controlled within the allowed range, as
shown in Fig. 12(f).

The step change of the local load of master DER1 has no
influence on the control mode of the inverter in master DER2.
Due to length limitation, only simulation waveforms of the
d-axis grid current ¢ 442 and capacitor voltage v g2 of the inverter
in master DER2 are included in Fig. 12(g) and (h); both remain
constant at 2 s. Above all, when the local load of DER brings
a large step change, the control mode of inverters in DERs can
achieve seamless switchover.

When the remote load brings a large step change at 2 s
(initially, the remote load is 20 €2, and a 3 2 resistor is added
to the remote load at 2 s), if the grid is strong (i.e., Z, in Fig. 1
is zero), the d-axis grid current 4441 and capacitor voltage vcq1
of the inverter in master DER1 remain constant. If the grid is
weak (i.e., Z, in Fig. 1 is 3.5 mH), simulation results of 7441,
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TABLE III
SIMULATION PARAMETERS
Parameter Value Parameter Value
DC voltage Vpe 400 V Switching frequency 10 KHz
o Rated power of
Filter inductor L, 3 mH DER unit Ppsg 10 KW
. . Rated angular )
Filter capacitor C; 30 uF frequency of grid 5027 rad/s
DERI line DER2 line
impedance Zje1 1o impedance Zje> 20
. DERS3 line 1Q Remote load 20Q
impedance Zjines
d-axis upper limiting 1527V d-axis lower limiting 1258V
value Vipax value Vypin
g-axis upper limiting 127V q-axis lower limiting 127V
value Vax : value Vpin :
Rated line-line
voltage amplitude of 1414V

utility

vod1, the output of the d-axis limiter, and the d-axis capacitor
voltage reference are illustrated in Fig. 13(a)—(d), which is in
accordance with the theoretical analysis. Similarly, the grid
current fluctuates at 2 s but returns to its reference quickly; see
Fig.13(e); and the capacitor voltage is always controlled within
the allowed range, as shown in Fig. 13(f). Therefore, when the
remote load brings a large step change, the control mode of
inverters in DERs can also achieve seamless switchover.

The second simulation is conducted to verify that if the grid
is heavily polluted by the harmonics, the SOGI-QSGs can be
used in the FLL block to improve the FLL’s performance. In
the GC state, the 7th harmonic voltage with an amplitude of
10 V is added to the grid voltage at 2.2 s. As shown in Fig. 14,
the angular frequency produced by the original FLL fluctuates
heavily, while the fluctuation of angular frequency produced by
the SOGI-QSG-based FLL decreases a lot.

V. EXPERIMENTAL VERIFICATION

To investigate the effectiveness of the universal controller, an
experimental platform is established, as illustrated in Fig. 15.
Experimental parameters are listed in Table IV.

The three-phase inverter has no neutral point; therefore, the
line-to-line voltage is measured using a Tektronix DPO4014
oscilloscope. The MG platform includes four DERs, remote
inductor and resistor loads, and an electrical load and grid simu-
lator. The internal structure of the DER includes three layers: the
three-phase inverter MWINV-9R 144 and its I/O control board
are in the top layer; the dc source, LC filters and switches are in
the middle layer; and the transfer switch, line impedance, line
impedance short-circuit switches, local load, and cooling fans
are placed in the bottom layer.

The first experiment is conducted to verify the effectiveness of
the proposed universal controller, which can realize the seamless
transfer of parallel inverters with guaranteed uninterruptible
load voltage during the state transition. Power sharing can be
achieved among parallel inverters in the SA state. Three DERs
are used in the first experiment: DER1 and DER?2 operate with
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capacitor voltages.

2) Attime f1, the grid simulator stops outputting to indicate
that the grid is broken, and S,, turns OFF.

3) At time 7o, islanding is confirmed and the transfer switch
S; turns OFF.

4) Attime 3, the grid simulator restarts outputting to indicate
that the grid has been restored, and 5, is turned ON. At the
same time, v,4 switches from Vg to vg4; and v, switches
from V0 to vg;.

5) Attime t4, the transfer switch S; is turned ON. Presynchro-
nization of the PCC voltage of the MG and grid voltage is
completed during period #3—4.

As shown in Fig. 16(a), DER1 and DER2 operate in CCMs
before #,. The magnitude of the grid current is 5 A and follows
its reference value (igaref = S A, igqrer = 0 A). During period
t1—t2, the capacitor voltage quality is guaranteed during the
transition from the GC state to SA state, as depicted in Fig. 16(b).

In the SA state, DER1 and DER2 are based on vg—i4 droop
control to provide voltage support. Because the line impedances
are identical, real and reactive power are shared equally between
the DERs, as shown in Fig. 16(c). No apparent inrush current
or voltage distortion manifests during the reconnection process
from the SA state to GC state; see Fig. 16(d).

Experimental results of the d- and g-axes capacitor voltages
and grid currents of DER1 and DER2 are depicted in Fig. 17.
Due to the oscilloscope channel limitation, the waveforms of
grid current are shown in Fig. 17(a) first, and then the wave-
forms of capacitor voltage are shown in Fig. 17(b). The d- and
g-axes components are the output analog signals of controller
DSP28335.
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Fig. 18.  Experimental results of DER1 and DER?2 with the universal controller.
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capacitor voltages in the SA state.

The relationship between 44 and analog signal is: 0-10 A
correspond to 0-5 V, and the relationship between ¢4, and analog
signal is: =55 A correspond to 0-5 V. The relationship between
voq and analog signal is: 121.4-161.4 V correspond to 0-5 'V,
and the relationship between v, and analog signal is: —15-15V
correspond to 0-5 V. In the GC state (before time 71), the d- and
g-axes grid currents 44412 and 1441 2 are 3 and 0 A, respectively,
and follow their references (Zgaref = 3 A, iggret = 0A). The
d-axis capacitor voltage vcq1, 2 increases at #; due to the decline
in 4gq1,2; Vcgq1,2 also increases at #; because of the coupling
caused by resistive and inductive line impedance. When the MG
reconnects with grid at #4, the d- and g-axes capacitor voltages
and grid currents return to their original values before time #;.

In the GC state, as illustrated in Fig. 18(a), when the d-axis
grid current reference 744,cr changes from 2 to 3 A, and 7 ¢,ef
changes from O to —1 A at #;, the actual grid current of the
inverter can follow the change accurately. In the SA state, as
shown in Fig. 18(b), when the remote load changes from 20 to
10 Q at 15, voq1 and vo g decline due to the increase in 4447 and
1gd2; Voq1 and v g2 increase because of the coupling. When the
remote load changes conversely at 3, the d- and g-axes capacitor
voltages return to their original values.

In the SA state, as illustrated in Fig. 19(a), when the grid
returns to normal at 71, the control switches S; and S in Fig. 5
connect with Channel 1. The output of integrator weomp and
Vi_comp change to regulate the output voltage frequency and
amplitude of inverters in DER1 and DER2. The relationship
between weomp and analog signal is: —1-1 rad/s correspond to
0-5V, and the relationship between V; ¢omp and analog signal
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is: =5-5 V correspond to 0-5 V. The amplitude and phase-angle
of the PCC voltage of the MG and the grid voltage during the
reconnection process are illustrated in Fig. 19(b). Itis easy to find
that the amplitude and phase-angle are each getting closer. The
relationship between Vpoc_amp (Verid_amp) and analog signal
is: 121.4-161.4 V correspond to 0-5 V, and the relationship
between Opcc (gria) and analog signal is: 0-7.5 rad correspond
to 0-5 V.

The second experiment is conducted to verify that compared
with droop control, the proposed controller can regulate the
grid current accurately and output constant power when the grid
voltage fluctuates in the GC state. Experimental results appear
in Fig. 20.

In the first case, DER1 and DER?2 are based on droop control,
and DER3 is based on PQ control. In the second case, DER1
and DER2 operate via the universal controller, and DER3 is
based on PQ control. In the GC state, when the gird fre-
quency drops from 50 to 49.95 Hz at 1, the grid current of
DERI1 increases substantially under traditional droop control
(pink line), as shown in Fig. 20(a), thus triggering inverter
protection. However, the grid current of DER1 remains con-
stant with the universal controller (green line), as shown in
Fig. 20(b).

The third experiment is conducted to verify that when the
grid voltage includes harmonic in the GC state, compared with
the inverter based on droop control, grid current harmonics can
be mitigated and the grid current quality of the inverter with the
proposed controller can be improved. Experimental results are
depicted in Fig. 21.
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Similarly, for the first time, DER1 and DER2 are based on
droop control, and DER3 is based on PQ control. For the second
time, DER 1 and DER?2 operate with the universal controller, and
DER3 is based on PQ control. In the GC state, the 7th harmonic
voltage with an amplitude of 5 V is added to the grid voltage
at time #;. As shown in Fig. 21(a) and (b), the grid current is
distorted and includes harmonics with traditional droop control
(pink line). As shown in Fig. 21(c), the grid current is also
distorted at #; with the proposed universal controller. However,
after some time, harmonics in the grid current are regulated to
zero, and the grid current approximates a pure sinusoidal wave,
as indicated in Fig. 21(d).

The fourth experiment is also conducted to verify that when
the grid voltage includes harmonics in the GC state, harmonics
in the grid current can be mitigated by the proposed controller.
Experimental results appear in Fig. 22. As the 7th harmonic grid
voltage amplitude increases, the corresponding grid current am-
plitude of the inverter based on droop control increases clearly,
whereas the 7th harmonic grid current amplitude of the inverter
based on the proposed controller is suppressed.

The fifth experiment is conducted to verify that in the SA
state, capacitor voltage harmonics caused by nonlinear loads
connected at the PCC can be suppressed by the proposed con-
troller. An uncontrolled rectifier load is connected at the PCC,
and the capacitor voltage mainly includes —5Sth, 7th, —11th, and
13th harmonics. Experimental result is presented in Fig. 22. As
shown in Fig. 23(a) and (c), the —5th and 7th harmonics in the
capacitor voltage of the inverter based on droop control are large.
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Fig.23.  Experimental results in the SA state with nonlinear load. (a) Capacitor

voltage and grid current of inverter based on droop control. (b) Capacitor voltage
and grid current of inverter with proposed controller. (c) THD of capacitor
voltage of inverter based on droop control. (d) THD of capacitor voltage of
inverter with proposed controller.

Yet, the universal controller can mitigate these harmonics in the
capacitor voltage, as shown in Fig. 23(b) and (d).

The sixth experiment is conducted to verify that the proposed
controller can achieve seamless switchover no matter the local
load or the remote load brings a large step change in the GC
state. The relationship between vy and analog signal is: 0—
200 V correspond to 0-5 V, and the relationship between i
and analog signal is: 0-20 A correspond to 0-5 V. As shown
in Fig. 24, when the local load or remote load changes from no
load to 20 €2 at 11, the capacitor voltage has some oscillations,
but it is always controlled within the allowed range. The grid
current fluctuates slightly but it can return to its reference (3 A)
quickly.

The last experiment is conducted to verify the function of
current limitation term in Fig. 2(c). When the grid is broken at
t; and the local critical load of DER1 changes from no load
to 10 Q at 1o, if there is no current limitation term, the output
current amplitude of the inverter can reach 9.3 A, as shown
in Fig. 25(a). It is assumed that the allowed maximum output
current amplitude of the inverter is 7 A. If the current limitation
term is adopted, the output current amplitude of the inverter is
controlled within 7 A, as shown in Fig. 25(b).
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VI. CONCLUSION

A universal controller under different operating states for
parallel inverters is proposed, which can achieve different goals
in the GC state and SA state and ensure seamless transfer
between these states. By implementing such a controller, the
need to switch between two sets of controllers can be avoided.
In the GC state, the proposed controller can realize accurate grid
current regulation of the inverter. When islanding occurs, the
proposed controller can automatically convert from grid current
control to vc—i4-based droop control; islanding detection is thus
unnecessary.
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The advantages of this universal controller are multifold.
First, it can realize seamless transfer of parallel inverters. The
reliability of MG can therefore be guaranteed in the SA state, and
power sharing can be achieved among parallel inverters without
communication lines. Second, compared with droop control, the
proposed controller can regulate the grid current accurately and
output constant power when the grid voltage fluctuates in the
GC state. Lastly, grid current harmonics in the GC state and
capacitor voltage harmonics in the SA state can be effectively
mitigated.

APPENDIX
See Fig. 26
Yy,
Vg, g
Ve
Fig. 26. (a) SOGI-QSG-based FLL block. (b) Second-order generalized

integrator—quadrature signal generator (SOGI-QSG).
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